Abstract. We use the next-to-leading-order (NLO) amplitude in an effective field theory (EFT) for 3 He+ 4 He → 7 Be+γ to perform the extrapolation of higher-energy data to solar energies. At this order the EFT describes the capture process using an s-wave scattering length and effective range, the asymptotic behavior of 7 Be and its excited state, and shortdistance contributions to the E1 capture amplitude. We use a Bayesian analysis to infer the multi-dimensional posterior of these parameters from capture data below 2 MeV. The total S factor S(0) = 0.578 +0.015 −0.016 keV b at 68% degree of belief. We also find significant constraints on 3 He-4 He scattering parameters.
The solar-fusion reaction 3 He + 4 He → 7 Be + γ has not been measured directly at solar energies, due to the exponential suppression of the cross section there. Solar models use cross sections for it based on extrapolants that are derived using potential models or R-matrix, and constrained by S-factor and 3 He- 4 He scattering data, as well as 7 Be bound-state properties. Ref. [1] reviews the most prominent efforts before 2011; additional evaluations have emerged since [2, 3] .
Formalism for Ecapture
We use Halo Effective Field Theory (EFT) [4] , treating 3 He ( He we infer an EFT breakdown scale Λ of about 200 MeV. The energy range E ∼ < 2 MeV implies a low-momentum scale Q of 70-80 MeV, thus we have Q/Λ ≈ 0.4. We systematically expand both scattering and reaction amplitudes in this small parameter. The NLO S-factor for E1 capture to the 7 Be GS can then be written [5] S P 3/2 (E) = e 2πη e 2πη − 1
with the same result, mutatis mutandis for capture to the P 1/2 ES. This is analogous to our results for 7 Be + p → 8 B + γ [6, 7] . Here, k C ≡ α em Z 2 M R with M R the reduced mass of the 3 He-4 He system; η ≡ k C /p is the well-known Sommerfeld parameter; ω is the energy of the photon produced in the reaction; and the "effective charge"
are the squared p-wave asymptotic normalization coefficients (ANCs) of the GS (ES) [7] . The two reduced matrix elements, S and D, are for the E1 transition from initial s-and d-wave states. At NLO, S consists of the well-known external capture contributions plus a short-distance piece similar to R-matrix internal capture. We parameterize the latter contribution to capture to the GS (ES) by a single number, L (L * ). The d-wave reduced matrix element D is given by the standard asymptotic expression for external capture, but integrated all the way to zero radius. Explicit formulae for S and D can be found in Refs. [5, 7] .
Capture reactions to the ground and excited state share the same initial state for s-waves ( 1 2 + ), so S depends on the scattering length, a 0 and effective range, r 0 . Up to NLO there are then 6 EFT parameters, henceforth denoted as the vector g:
, and L * (fm).
Data, Bayesian analysis, and Results
There are six total S-factor data sets, here labeled Seattle, Weizmann, Luna, Erna, Notre Dame (ND), and Atomki. There are four branching-ratio data sets: Seattle, Luna, Erna, and Notre Dame. In order to ensure that the data used are within the domain of validity of the EFT we only employ data with E ≤ 2 MeV. This, together with other data-selection criteria, yields 59 S-factor and 32 Br data, see Fig. 1 . (Details, including original references and a full listing of these data, will appear in Ref. [5] .) To account for the common-mode errors we introduce normalization corrections, {ξ J : J = 1 . . . N exp }, for the S-factor data. Such errors mostly cancel for Br data, so this correction is not used for them. We take the EFT expressions such as (1) and employ Bayesian analysisimplemented via Markov-Chain-Monte-Carlo (MCMC) sampling-to infer probability distribution functions (PDFs) for the EFT parameters g from these data. Taking box priors with ranges considerably larger than those suggested by naive dimensional analysis for g, and gaussian priors for the ξ J 's, we can write the desired PDF as pr (g, {ξ J }|D; T ; I) ≡ c exp −χ 2 /2 . The χ 2 is non-standard because it includes not only contributions from S-factor and branching-ratio measurements, but also the effect of the normalization corrections [5, 7] . The data is denoted in the legend, and summarized in Ref. [2] . The green band shows the 68% interval for S(E) and Br(E) in our NLO Halo EFT analysis. The mean is denoted by the blue line.
The MCMC sampling produces the full twelve-dimensional pdf for g and {ξ J }. These samples can then be used to compute a histogram for S(E) and Br(E) at any energy, E. Fig. 1 shows the resulting 68% intervals: the mean is denoted by the blue line. The data is shown without re-scaling by the factors 1/(1 − ξ J ), so Fig. 1 under-represents the quality of our final result. Adopting values for the ξ J 's that maximize their posterior pdf produces a distribution of χ 2 's in our MCMC sample peaks at 1.1 per degree of freedom.
At NLO we have S(0) = 0.578
−0.016 keV b. The recommended value from Ref. [1] is 0.56 ± 0.02(exp) ± 0.02(theory)-consistent with our result, but with an uncertainty that is almost a factor of two larger. Other recent analyses are broadly consistent, but also have somewhat bigger errors [2, 3] . We also find Br(0) = 0.406
−0.011 . There are two essential differences between this paper and another, recent, EFT evaluation of the same reaction [8] . First, we employ Bayesian methods. Second, we do not not include existing scattering phase shift analyses in our constraints because their systematic errors are poorly quantified. Fig. 2 displays a three-dimensional scatter plot of the NLO MCMC samples, projected to the a 0 -r 0 -L T subspace. Projecting further onto the a 0 -r 0 subspace shows that significant constraints on 3 He-4 He scattering parameters can be obtained from the extant radiative capture data-in contrast to cases such as 7 Be(p, γ) [6] . The corresponding effective-range function can be tested against future high-quality 3 He- 4 He scattering data at low energy. We conclude that data on 3 He + 4 He → 7 Be + γ already tightly constrain important aspects of the dynamics needed for extrapolation of this reaction's S-factor: we find quite small uncertainties on the s-wave elastic scattering parameters and the ANCs of the final states. Better measurements of scattering cross sections will test the EFT approach to the reaction presented here.
